Friction stir welding (FSW) is a solid-state joining which reduces the structural weight significantly and hence it has received worldwide attention for the joining of aluminium alloys. In this paper, fatigue tests and finite element analysis were employed to study the mechanical and fatigue properties of a friction stir welded T-joint of 19501 aluminium alloy. An LS-2 FSW machine with 100 kN capacity was used to fabricate the T and butt joints. The tensile properties of the friction stir welded joint show that there is a marginal reduction of about 5% in strength and ductility as compared to an un-welded 19501 aluminium alloy. S-N test results of theT-joint specimen at two stress ratios of 0 and −1 showed that there was a reduction of 15% in the fatigue strength due to the change of stress ratio from 0 to −1. The effect of mean stress can be well approximated using Goodman's criterion as compared to Gerber's or Soderberg's criteria. The predicted fatigue lives from the proposed model using the Palmgren-Miner rule (PMR) were found to be within reasonable accuracy. Micrographs shown for the fracture surfaces of the retreating side, mid-weld zone and the advancing side of the T-joint indicate that fracture surfaces are a mixture of dimple and cleavage features.
Introduction
Aluminium alloy has found extensive application in the automobile industries, utensil industries, aerospace industries, defence, transport industries, etc. Nowadays, friction stir welding (FSW) [1] , a new solid-state joining technology invented at the Welding Institute (TWI) of Britain in 1991 is widely used to join aluminium or its alloy due to its excellent metallurgical properties, fine microstructure and defect free joint.
FSW process parameters, tool profiles, etc. have been studied by many researchers to optimise these parameters. There have been numerous attempts on characterisation in terms of microstructure, hardness, stress distribution, etc. in connection with the FSW of aluminium alloys [1] , [2] , [3] , [4] , [5] . Fatigue issues on FSW of aluminium alloys have also received tremendous attention by many investigators [6] , [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] , [18] , [19] , [20] , [21] , [22] , [23] , [24] .
The T-joint is used in many structural applications. However, the fatigue issue of friction stir welded T-joint has been less addressed by researchers. Most of the studies on friction stir welded T-joints are focussed on the optimisation of the process parameters. Ericsson and Sandstrom [15] carried out a study on the influence of welding speed on the fatigue of friction stir welds, and compared it with metal inert gas (MIG) and TIG. The work of Silva et al. [16] focussed on the optimisation of the mechanical properties of friction stir welded T-joints using the Taguchi method. It was reported that the tool's rotational speed has the most influence on the joint's mechanical properties. Venkatesha et al. [17] conducted studies on the mechanical and metallurgical behaviour of friction stir welded butt joints. Zhao et al. [18] studied the defects and tensile properties of 6013 aluminium alloy T-joints by FSW. The majority of the studies on the fatigue of the FSW of aluminium alloys are on plane geometry with lap or butt joints. A very few studies are on the FSW T-joint. Brennan et al. [19] carried out experimental investigations to predict the weld toe stress concentration factors for T and skewed T-joint plate connections for tensile and bending loading. Bussu and Irving [20] conducted an experimental study to determine the role of residual stress and heat affected zone properties on fatigue crack propagation in friction stir welded 2024-T351 aluminium joints. Sidhom et al. [21] conducted an experimental study on the fatigue strength improvement of 5083 H11 Al-alloy T-welded joints by shot peening and improved the high cycle fatigue (HCF) behaviour of MIG welded T-joints made from 5083 H11 Al-alloy plates. Costa et al. [22] conducted an experimental study on the improvement of the fatigue life of MIG welded 6082-T651 aluminium alloy T-joints by friction stir processing for two stress ratios: R = 0 and R = 0.4. The influence of mean stress on the fatigue life of FSW of constructional material was investigated by Nieslony and Böhm [23] who presented a stress-based approach to take into account the influence of the mean stress value on the fatigue strength of the constructional materials. Bandara et al. [24] developed the S-N curve for estimating the cumulative fatigue damage of steel elements and the accuracy of the proposed model was verified using the experimental fatigue data of six different steels. Zhang et al. [10] studied the fatigue properties of the aerial aluminium alloy 2524-T3 base metal specimen and three different sizes of FSW joints, and the S-N curves were discussed.
Most of the studies on the establishment of the S-N equation for friction stir welded joints are for simple butt or lap joints. The S-N testing on the friction stir welded T-joint is very limited and there is a need to study this to develop a model based either on cumulative damage or regression to study the fatigue properties and fatigue life prediction of such a joint. The present investigation is mainly concentrated on the development of S-N models for predicting the fatigue life of a friction stir welded T-joint and its validation using the PalmgrenMiner rule (PMR).
Materials and methods

Material
The aluminium alloy 19501 used in the present investigation was supplied by M/s Bharat Heavy Electricals Ltd. (Rudrapur, India). The plate size was 450 × 250 × 16 mm for the skin (upward blank) and 450 × 250 × 25 mm for the stringer (vertical blank). The chemical compositions were determined using the energy dispersive X-ray spectroscopy (EDS) process and the results are given in Table 1 . 
Friction stir welding machine
The T-joints were made using an LS-2 Friction Stir Welder (provided by M/s Bharat Heavy Electricals Ltd., Rudrapur, India). The LS-2 FSW system is designed to provide up to 100 kN spindle welding force at a maximum of 2000 rpm. Coordinate axes can be provided for linear welding speeds up to 3000 mm/min. The welding setup is shown in Figure 1 . 
Friction stir welded T-joint
T-joints are made from the two plates of size 450 × 250 × 16 mm for the skin (upward blank) and 450 × 250 × 25 mm for the stringer (vertical blank) as shown in Figure 2 by FSW. FSW of T-joints were obtained by inserting a specially designed rotating pin into the clamped blanks and then moving it all along the joint. The pin was inserted with a proper nuting angle limiting the contact between the tool shoulder and the blank. As the pin was inserted into the upward blank (skin), the blank material underwent a local backward and forward extrusion process and penetrated the vertical blank (stringer) to reach the tool shoulder contact. Then the tool rotation determined an increase of the material temperature due to the frictional work. In this way the material mechanical characteristics are locally decreased and the blank material reaches a sort of soft state; no melting was observed. Then the tool can be moved along the joint. The tool movement generated heat due to both frictional work and material deformation. In order to develop the FSW operations, a properly designed clamping fixture was utilised in order to fix the specimens to be welded on FSW machine setup. The details of the welding parameters are given in Table 2 . In this investigation, 19501 aluminium T-joints with skin dimensions of 85 × 20 × 16 mm and the stringer dimensions of 90 × 25 × 20 mm were used for experiments. The line diagram and actual T-joint are shown in Figure 2A and B, respectively. 
Mechanical properties of base metal and welded zone
The mechanical properties of the base metal 19501 aluminium and the friction stir weld zone were determined using a servo controlled universal testing machine (ADMET INC., 51 Morgan Drive, Norwood, MA 02062.) under displacement control at 0.5 mm/min cross-head speed. The specimens are made as per the ASTM E8-99 standard and are shown in Figure 3 . The stress strain behaviour of 19501 aluminium base metal and welded zone are shown in Figure 4 . The 0.2% offset method has been used to determine the yield strength of the base metal and the friction stir welded zone. The results are shown in Table 3 . The percentage difference of elongation between the base metal and the welded zone is 5.28% which indicates that there is no loss of ductility of the material due to FSW. There is difference of about 1.0 kN load in ultimate load between the base and the welded material. 
Fatigue testing of the 19501 aluminium T-joint
Fatigue testing of all the friction stir welded T-joints of 19501 aluminium alloys were conducted using a servo hydraulic controlled fatigue testing machine (M/s HEICO Limited, New Delhi, India) at a frequency of 10 Hz and at two stress ratios, R = 0 and R = −1 under constant amplitude loading. Three samples are tested at each condition and average fatigue life is computed. The cross-sectional area of the T-joint is taken as 20 mm × 25 mm. The fatigue testing setup and clamping fixture of T-joint is shown in Figure 5 . The results are shown as S-N curves in Figure 6 . The S-N curve has been drawn between the stress amplitude σ a and the fatigue life, i.e. number of cycles to failure, N f . The stress amplitude is defined as:
The other parameters used to represent S-N curve are defined as follows: Mean stress:
Stress ratio:
Results and discussion
The results of the S-N tests of the T-joints are shown in Figure 6 . The initial and failed T-joints are shown in Figure 7A and B, respectively. The results shown in Figure 6 reveal that there is a significant variation in the fatigue life at R = 0 and R = −1 for the life cycles less than 10 5 . Beyond 10 5 cycles, the variation of the effect of the stress ratio on the fatigue life is negligible. However, the slope for the fatigue life less than 10 5 cycles for R = −1 and R = 0 are found to be −0.12 and −0.09, respectively, whereas the slope of fatigue life data beyond 10 5 cycles for R = −1 and R = 0 are −0.35 and −0.21, respectively. The percentage difference of the slope beyond 10 5 cycles and before 10 5 cycles are around 40% and 25%, respectively. The absolute slope for R = −1 is higher than R = 0 and the difference is about 23%. The higher value of the slope at R = −1 indicates that at R = −1 the fatigue life of the T-joint exhibited a higher life as compared to R = 0.
The regression models developed to predict the fatigue life of the friction stir welded T-joint are given in Eqs. 4 and 5 for R = 0 and R = −1.0, respectively.
For R = 0, the regression equation with r 2 = 0.902 is as follows:
For R = −1, the regression equation with r 2 = 0.917 is as follows:
From the results presented in Figure 6 , it was observed that the mean stress component has an effect on the fatigue life when it is present in combination with an alternating component. When the component is subjected to both components of stresses, mean stress σ m and alternating stress σ a , the actual failure occurs at different fatigue failure cycles. In this work Soderberg's criterion, Goodman's criterion and Gerber's criterion were used to study the effect of mean stress on the fatigue life.
Soderberg's criterion
Soderberg's criterion is given as:
and the equivalent stress based on Soderberg's criterion is determined from Eq. 6 as:
Goodman's criterion
The equivalent stress using Goodman's criterion given in Eq. 8 can be expressed as given in Eq. 9.
Then the equivalent stress is shown below:
Gerber's criterion
As per Gerber's criterion the failure equation is given as:
Gerber's equivalent stress can be obtained after rearranging Eq. 10 as below.
Equivalent stresses using different criteria can be obtained from Eq. 6 to Eq. 11. The stress concentration factor for a T-welded joint is obtained from the finite element analysis.
FEM analysis of the T-joint
For the determination of the stress concentration factor K f , the commercially available FEM software ANSYS has been used. The PLANE 183 element was used in the analysis. Figure 8A shows the PLANE 183 element with eight nodes. Figure 8B shows the finite element meshing of the T-joint. The maximum number of elements in the meshing of the T-joint is 117764. Detailed modelling and conversion criterion are found in the reference [25] . From the finite element results, the maximum stress in the x and y directions are obtained at the inner corner of the T-joint where the skin and stringer meet as shown in Figure 8C and D and the magnitude of maximum stress in x and y directions are 103.66 MPa and 127.97 MPa, respectively. The stress concentration factor is determined from Eq. 12.
The maximum stress obtained from the finite element analysis in the y direction is 127.97 MPa for the applied nominal stress 24 MPa. Hence, the stress concentration factor is:
The notch sensitivity is taken as q = 0.46 [26] , and hence the fatigue stress concentration factor is found to be from Eq. 13 as:
The equivalent stress is determined by Eqs 6-11 and the results of the equivalent stress and the corresponding number of cycles to failure is plotted in Figure 9A -C for Soderberg's, Goodman's and Gerber's criteria. The regression models using Soderberg's, Goodman's and Gerber's criteria are given by Eqs. 14-16, respectively. 
The corresponding regression coefficients are r 2 = 0.892, 0.902 and 0.856 for Soderberg's, Goodman's and Gerber's criterion, respectively.
Validation using the Palmgren-Miner rule (PMR)
The most widely used model of summing damage for loading component is the PMR. According to the PMR, the summation of life ratios would equal 1 at failure. For a sequence of two-step block loading, the accumulated fatigue damage can be evaluated according the PMR as follows:
where, n i cycles are endured at load levels of F i and N i cycles is the fatigue life at load level F i . The capability for predicting the fatigue life by proposed regression models and their wide application for other loading conditions are considere using two loading cases high to low and low to high. Initially the first load was executed to a prescribed number of cycles n 1 = 20,000 cycles, then the second load was continued till failure of the T-joint. This cycle is represented as n 2 . The fatigue life N 1 and N 2 at two load levels are predicted from the regression models. The results are summarised in Figure 10 . It is seen from the Figure 10 that 25% of data falls outside of the line drawn with ±10 when the prediction is made using Goodman's criterion. In other cases it is about 37.5% and 50% for Gerber's and Soderberg's criteria. 
Fractography
The photographs of the fractured surface of the failed T-joint subjected to different stress levels were taken using a Sony Cyber-Shot DSC-H200 digital camera as shown in Figure 11 and Figure 12 for R = 0 and R = −1, respectively. All photographs show two distinct curvilinear river-like patterns opposite to each other. These patterns are seen on the fracture surface due to the movement of the tool during FSW. The right-hand side river-like pattern is due to the movement of the welding tool in one direction (bottom to top) while the lefthand side is due to movement of the welding tool in the reversed direction (top to bottom). Figure 12 also reveals a similar nature of pattern for R = 0 where the specimen is not subjected to any compressive load. The fracture surface for R = −1 is very different than R = 0 as shown in Figure 12 . A clear polished surface is seen for R = −1 which is due to repeated compressive load applied during the fatigue testing. The quality and the magnitude of polished surfaces are higher where the applied load level is low. At load level F > ±10 kN, failure surfaces are different than F < ±10 kN. This may be due to fact that at higher load level, i.e. F > ±10 kN, the crack initiation and propagation time is less as compared to F < ±10 kN and sudden fracture occurred leaving a very clear rough surface.
Scannin electron microscopy (SEM) fractrography
The microstructure of the fatigue failed surface in the welded zone has been observed using an SEM JEOL-JSM 6610LV (JEOL Ltd., JAPAN). Pieces of size 10 × 4 × 3.2 mm were cut from the fatigue failed T-joints and were gold coated to avoid the artefacts associated with sample charging. These specimens were oven dried by heating at 5 kV. The optical micrographs obtained at different magnifications have been shown in Figure 13-Figure 15 . The micrographs are shown for retreating side, mid-weld zone and the advancing side of the weld zone. Figure 13A shows the micrograph of the weld zone (retreating side) at low magnification of ×50. In the figure the material flow and grain deformation is clearly viewed in the weld nugget zone (WNZ) and the thermally and mechanically affected zone (TMAZ) boundary which separates it from the HAZ. A very clear boundary exists between them (red dotted line). These variations are due to the micro-structural variation in different zones. Also a lot of micro-voids can also be seen in the weld nugget (white arrows). At higher magnification as shown in Figure 13B , micro-voids in the stir zone or in TMAZ indicates the crack initiation point for fracture. The flow pattern of the material can also be seen in Figure 13B . Most of the fracture surfaces show cleavage fractures indicating much less deformation before failure which represents the brittle facture of material. The grain size difference between WNZ, TMAZ and HAZ causes the variation in fracture surfaces' orientation in different zones. At high magnification as shown in Figure 13C no evidence of dimple in figure proves brittle fracture . The material flow pattern at the TMAZ can be observed at the TMAZ-HAZ boundary. At 300× magnification ( Figure 13D an almost flat surface is observed on the fracture surfaces which show very less deformation before failure. The fracture shows uneven surfaces because of the zig-zag fractured of welded samples and the fracture surface is a mixture of dimples and cleavage features. Figure 14A -D shows the scanning electron micrographs of the mid-weld zone at magnifications of 50×, 100×, 300× and 500×, respectively. Figures show that the fracture surface is flat indicating cleavage failure of the material. The different size of the inter-metallic bonding can also be seen in Figure 14B The fracture initiates due to the breaking of these brittle inter-metallic bonds. Figure 14C shows that there are some regions (shown with arrow mark) where secondary cracks are present. These cracks indicate the higher ultimate tensile strength of the material. At very high magnification of 500× as shown in Figure 14D it is found that material do not show any dimples and hence a pure cleavage fracture is observed. Zig-zag fracture surfaces seen in the figure confirms uniform metallic bonding. The weld zone in advancing side ( Figure 15A-D) shows a featureless flat surface indicating the low elongation of material. At high magnification, the fracture surfaces with very small dimples are the indication of mix mode of failure at the advancing side of the weld zone. 
